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INTRODUCTION
Development of spacecraft life support hardware over the past few decades has primarily been aimed at use in microgravity, with extensive research and development efforts resulting in sophisticated designs for operations constrained by limited volume and resources. The lunar outpost, however, is a 1/6 th gravity environment, with abundant natural resources, open space, and plentiful sunlight. These conditions are much more analogous to the terrestrial environment than microgravity space flight. Additionally, the lunar outpost will be continuously inhabited by a larger population than current space station crews. For these reasons, the appropriate technology development approach for lunar outpost hardware may likely be adapting terrestrial technologies for a hypogravity environment, rather than modifying microgravity space flight technologies.
It has been suggested that spaceflight water treatment technologies may be adaptable for terrestrial use, including in the developing world 1 . Likewise, terrestrial technologies have been suggested for the lunar outpost, namely solar stills for brine recovery 2 . However, to the authors' knowledge, a complete lunar outpost water recovery system utilizing sustainable, terrestrially derived processing technologies has not yet been proposed in detail.
TERRESTRIAL WATER RECOVERY SYSTEMS
When designing a water treatment system, the primary drivers are the influent water quality and the desired effluent water quality. Terrestrial wastewater and water treatment systems will take influent water that can be from surface, ground, wastewater or ocean sources, with varying quality and contaminant characteristics.
Terrestrial wastewater and water treatment technologies are designed to achieve the most appropriate treatment based on input water quality expected, effluent water quality desired, cost, reliability, and various physical location constraints. The technologies are generally broken down into three process categories: physical, chemical and biological. Each of these unit processes are effective for different target contaminants, but no single process can be used to directly transform wastewater into potable water. Instead, a treatment train will include several of these processes and associated controls. Additionally, where pathogens are a concern in the influent water, a multiple-barrier concept provides for fail-safe treatment trains. However, the multiple-barrier train is not simply for redundancy, but, in fact, can increase the reliability of a treatment system by minimizing the impact of failures 3 .
Flocculation
Terrestrial wastewater and water treatment plants often use flocculators to aggregate colloidal particles into flocs that can removed by gravity settling. Chemical coagulants may be added to accelerate this process. These flocculation stages are technically simple, and can provide over 90% of the bacterial decontamination needed, while significantly reducing the burden on subsequent treatment stages 3 .
Filtration
Nearly all terrestrial wastewater and surface water treatment systems use some form of filtration. Many use granular filtration, wherein influent water is passed through a submerged media filter of defined depth to trap and remove contaminants. Others use membrane filtration wherein water is pumped against a synthetic membrane that is permeable to some constituents in the water, including the water itself, but excludes target contaminants.
There are four types of membrane filtration systems commonly used, including microfiltration, ultrafiltration, nanofiltration, and reverse osmosis. These processes differ based on pore dimensions, constituents rejected, and operating pressures. The first two processes rely primarily on filtration by size exclusion and target particulates. The second two processes are more selective and target dissolved solutes by depending upon osmotic phenomena 3 .
Most granular filters are gravity fed, though they can also be directly pressurized. Rapid sand filters remove contaminants that have been treated with coagulants through a gravity-fed media bed 0.6m to 4m deep. Slow sand filters operate at approximately 100 times lower loading rate, to promote a thin biologically active fouling layer called a 'schmutzdecke' of trapped particles and bacteria, which serve to filter influent contaminants.
Slow and rapid sand filters are known to be effective filters of particulates and bacteria. The media used in granular filters includes natural sand and anthracite coal, which are sieved to achieve desired uniformity coefficients and effective sizes 3 . Granular and membrane filtration systems are prone to biofouling which can reduce flowrate, increase maintenance, and has the potential to promote contaminant carryover.
When granular filters become fouled, they can be cleaned through a backwashing process wherein the bed is fluidized and contaminants are washed away, or by scraping the fouling layer off the top of the bed.
Distillation
Distillation is a physical unit treatment process wherein the water is separated from its contaminants by evaporation and then condensed in a separate vessel. This technology is used to target the removal of dissolved solids, such as desalinating sea water, as well as in the primary stage of spacecraft water treatment systems. Indeed, the Earth's natural water cycle of evaporation over the ocean and precipitation over land is a distillation process.
A variety of distillation techniques are utilized in water treatment systems. These include boiling with heated surfaces, flash evaporation, vapor compression, vacuum distillation, solar evaporation, rotating and wiped surface evaporation, vapor reheating, and direct and indirect heat transfer 3 .
SPACECRAFT WATER RECOVERY CONSIDERATIONS
Spacecraft water provisioning needs for crew use include drinking, food preparation and hygiene (teeth brushing, possible hygiene wash and shower) water. Wastewater sources in a spacecraft come from food preparation, hygiene water, humidity condensate (from respiration and perspiration), urine and fecal water 4 . Table 1 shows the potential crewmember water consumables and water waste produced from several studies. The discrepancy between the waste water and consumed water is due to water contained in solid food consumed. These values vary depending on the hardware available, conservation protocols, crew makeup and metabolic activity. Primary stage water recovery systems can achieve over 90% recovery, and as much as 97% in controlled tests. However, increasing recovery also increases precipitation potential, making scaling and biofouling more likely. Therefore, primary processors are often designed to cease recovery at the solubility limit of wastewater solutions 7 .
Brine dewatering technologies, however, can be used to further recover water from the concentrate and feed the recovered water back to the primary processor.
Due to the processing costs of precipitating solids out of solution in a brine dewatering stage, these technologies are often more energy intensive on a per volume basis, and may require more consumables over the primary water recovery hardware. Currently on the ISS, the Vapor Compression Distillation system recovers over 85% of the water, and disposes of the concentrated brine. Additionally, the corrosive nature of concentrated brine, potentially enhanced by oxidizing pretreatment chemicals added to the urine, can damage wastewater lines, evaporative surfaces, and other hardware components 7 .
Urine
Urine is an important source to consider for spacecraft water recycling and management systems. The human kidneys perform the function of regulating the volume and composition of the body's fluids. The kidneys filter plasma and then allow the body to absorb needed constituents. On average, more than 95% of the salts and water present in the body are reabsorbed, while the remainder is outputted as urine waste. Humans produce between one and four liters of urine per day, containing water, salts and wastes such as metabolic byproducts and toxins 8 . Urine itself is composed of on average over 95% water, followed by about 2.5% urea, with lesser amounts of sodium chloride, sodium, potassium, creatinine, phosphorous, sulfur, ammonia, hippuric acid, and uric acid 9 .
Several key operational parameters have been identified to successfully distill urine. These include maintaining the urine below 150 F to prevent the thermal decomposition of urea, adding chemical pretreat to the urine to prevent the bacterial formation of urease resulting in urea decomposition, fixing the free ammonia, oxidizing volatile organics, avoiding entrainment and carryover of contaminants by design, and maintaining product water sterility 9 .
In water management systems it is often important to chemically pre-treat urine before the fluid enters the processors. Dupont TM Oxone® is an oxidizing and disinfecting compound (predominately potassium monopersulfate) used by NASA for urine pretreatment aboard spacecraft. The pretreatment is designed to lower the pH of the urine to as low as 3 and prevent bacterial growth from proliferating and producing the enzyme urease which contributes to the formation of ammonia gas and ammonium through the hydrolysis of urea 10 . The hydrolysis process raises the pH of the urine, which reacts with other chemicals in the urine to form precipitates, primarily struvite 11 . Turbidity increases due to bacterial growth, crystal formation and precipitation. All of these processes pose potential problems to spacecraft wastewater management systems 12 .
Biofouling Biofouling is the phenomenon in which microbial growth in a water solution attaches to a water management system surface. Normally the microorganisms originate in the wastewater stream. The biofilms that lead to biofouling are usually thin layers, up to several hundred micrometers thick. Biofilms generally consist of prokaryotic microbes as well as organic waste, inorganic particulates and corrosion byproducts. Biofilms form within days to weeks on surfaces exposed to wastewater, and grow to a limiting thickness depending on the nutrient availability and diffusion rate through the film 13 .
Hydrodynamic profiles can affect biofilm growth. Turbulent conditions result in bacterial cells having more frequent association with the solid surface and a thereby increased likelihood of attachment 14 . While biofilms have been demonstrated to be more substantial in turbulent flows, the cells within those biofilms are less active than those in laminar conditions 15 . In turbulent flows, there is likely an increase in the production of the biofilm matrix, making the biofilm more adhesive 16 .
Biofilms consist of over 90% water, with over 90% of the organic matter attributable to the adhesive and hygroscopic biofilm matrix 17 . This matrix can also serve to protect the biofilm from decontamination processes, including disinfection chemicals 13 . Indeed, bacteria in biofilms can exhibit a phenotype that provides specific resistance to biocides 18 
.
Urine biofilms have been observed on catheters, wherein the biofilm organisms engage in urea hydrolysis that forms free ammonia from the urea, raising the pH of the urine, allowing the precipitation of calcium phosphate and struvite which can be then trapped within the biofilm matrix 14 .
Biofouling is a recognized challenge for spacecraft water management systems. Testing at NASA Marshall Space Flight Center indicated that microbiology contributed to corrosion of an aluminum alloy used in spacecraft water recovery systems. The predominate microbes identified were Pseudomonas pickettii and Pseudomonas cepacia, which are both also commonly found in water. This study indicated that using a Microbial Check Valve (MCV) to add iodine at 1-2 mg/L to the system was not sufficient to disinfect the system. Instead, additional iodine concentration was needed. The study also concluded that once biofilms form in a water recovery system they are "extremely difficult to remove" without hardware destructive measures 19 .
Scaling
Inorganic precipitates form when certain ion concentrations in solution exceed their solubility limits and form solid salts. These salts then precipitate onto surfaces. This phenomena is known as scaling 3 .
Because water management systems are often exposed to fluids with high salt concentrations, whether ocean salt water or urine, scaling is an important issue to address. Scaling can be avoided by design or operation of water management systems, and by pretreatment of the processing fluids.
Urine scaling can cause fouling issues with water management systems. Scaling effects of brine concentration are anticipated to foul pipes, valves and tanks. For spacecraft systems, this is often addressed by the use of pretreatment chemicals.
The main salts found in urine are calcium oxalate, calcium phosphate, magnesium ammonium phosphate (struvite), uric acid, sodium acid urate, ammonium acid urate and cystine 20 . The major scaling compound found in urine precipitates due to urea hydrolysis is usually struvite, followed by hydroxyapatite and calcite 21 . Struvite (MgNH 4 PO 4 6H 2 O) forms and precipitates by reacting water with magnesium, ammonium and phosphate ions. Human urine is generally deficient in magnesium ready for struvite precipitation 22 . Struvite precipitation potential increases with bacterial activity, wherein bacterial hydrolysis of urea in the urine releases ammonium ions and raises the pH 11 , 23 . At a pH of more than 9.0, between 65 and 95% of urea in human urine decomposes 22 .
Avoiding, minimizing and/or treating urine scale is an important consideration when designing urine management systems. From this background, design goals and considerations can now be defined for similar processing systems intended for use in a lunar outpost.
BASELINE LUNAR ARCHITECTURE WATER RECOVERY SYSTEM
The NASA Lunar Surface Systems project has identified the development of advanced water recovery systems as a critical technology need for the lunar outpost. The NASA lunar architecture currently recognizes water as a critical consumable to minimize loss in the lunar outpost, and suggests the utilization of in situ surface resources for the production of water, namely from frozen ice. The current studies also suggest the need to improve urine pretreatment and water recovery systems 24 .
Thus far, indications have been that the lunar outpost water recovery system will be evolved from current spacecraft technologies, including urine pretreatment, distillation, and brine dewatering. However, at least one technology activity includes developing "Simplified, Robust, Partial-Gravity Water Processing and Phase Separation" 25 .
Other water recovery technologies identified for further development for the lunar outpost include the Cascade Distillation Subsystem (CDS), the Vapor Phase Catalytic Ammonia Removal System (VPCAR), and Direct Osmotic Concentration (DOC). The design goal targets at least 90% wastewater recovery 25 .
The CDS is a reasonable example baseline technology for discussion here. The CDS draws a vacuum on a rotating drum, enabling microgravity compatible low temperature distillation. The CDS is designed as a primary processor, but has also been tested as a brine dewatering stage. In a test with 26 liters of concentrated urine brine, the CDS had approximately a 50% recovery rate, and the developer anticipates that modifications could increase the recovery to as much as 70%. However, scaling effects of brine concentration are the primary drawback to using CDS as a brine dewatering technology. During the limited testing conducted, brine scale did not clog the CDS distillation engine itself, including the pitot pumps, but scaling was observed on other ancillary hardware.
During testing at Honeywell, the five-stage CDS had a specific power consumption of less than 90 W-hr/liter at a production rate of 5 liters/hour, and a specific power consumption of less than 115 W-hr/liter at a maximum production rate of 6.6 liters/hour 26 .
The baseline lunar water recovery system utilizing CDS would likely include the continued use of urine pretreatment and brine dewatering technologies. The CDS would continue to rely on tight mechanical tolerances, and rotating equipment, designed for microgravity compatibility, but applied to a hypogravity environment.
SUSTAINABLE WATER RECOVERY SYSTEM CONCEPT
Instead of adapting current spacecraft technologies and techniques for the lunar outpost, it is suggested that the lunar outpost bears more similarity to terrestrial life support challenges that it does to microgravity spaceflight.
The heritage of spacecraft life support technologies, including water recovery, has been based on the importance of minimizing mass, volume, energy and maintenance, while ensuring a high degree of reliability and microgravity compatibility.
However, in the lunar outpost environment, gravity can at the very least make complex microgravity compatible technologies unnecessary, and at best be utilized in the recovery process. Additionally, the outpost will have considerable resources in terms of solar exposure, land area and lunar regolith availability. Meanwhile, the outpost will not have such ready access to the Earth, making consumables and maintenance of greater concern.
The considerations of living in a partial gravity environment with limited resupply and maintenance capability bears more similarity to terrestrial water treatment systems in remote areas than to low-Earthorbit spaceflight. Therefore, the Regolith Filter for Lunar Urine Solids in Habitats (RFLUSH) is proposed as a sustainable alternative water recovery system concept. RFLUSH utilizes terrestrial treatment techniques and technologies adapted for the unique lunar outpost environment.
While one component, solar distillation, has been proposed for the lunar outpost 2 , the RFLUSH concept is comprehensive and addresses numerous key concerns relevant to the baseline lunar outpost water recovery scenario.
The RFLUSH concept, illustrated in Figure 1 , utilizes the following stages:
1. Spacecraft wastewater input from waste management systems, including urine, hygiene water, laundry water, food preparation water, and humidity condensate.
2. Wastewater flocculation tank with wastewater acclimated bacteria to allow and promote urea hydrolysis, allowing mineral precipitation, ammonia reaction, and biofilm growth.
3. Gravity (and/or external pressure) driven granular filter utilizing lunar regolith as the media to filter biomass and precipitates.
4. Solar distillation array to recover and disinfect filter effluent.
5. Postprocessor for final polishing and return of potable water to cabin for use.
CONSIDERATIONS
The RFLUSH concept addresses several important challenges to the lunar outpost water recovery system, as well as raises several other concerns that must be addressed. Specifically:
 Sustainability -this concept uses simple unit processes that are proven, and robust. The concept uses minimal electrical energy, and likely has a low maintenance burden.
 In situ resource utilization -as suggested by many studies, the lunar outpost will need to use local resources. This concept utilizes the readily available direct solar energy and lunar regolith as the primary tools for water recovery. Additionally, the concept takes advantage of the presence of lunar gravity.
 Pretreatment -this concept eliminates the need for toxic and consumable pretreatment chemicals for urine stabilization. Instead of preventing urea hydrolysis, RFLUSH promotes urine fouling, taking ions out of solutions and then filtering the subsequent minerals and biology.
 Integration -this concept can be directly integrated with existing water recovery system technologies, including brine dewatering systems that could show improved performance with the elimination of mineral fouling.
The proposed RFLUSH concept will require extensive performance and mass trade studies to develop further. A few initial considerations are summarized as follows.
Trade study A primary technology gap identified by NASA Exploration Life Support is to "reduce resupply requirements by increasing loop closure and reducing consumable rates while increasing system reliability," 27 .
The RFLUSH concept addresses this gap through the innovative use of partial gravity, solar energy and lunar regolith in place of pretreatment chemicals and primary processors.
Oxone ® Pretreatment is currently used at a rate of 5 g/L of wastewater. At a production rate of approximately 70 liters per day for a six person crew, about 130 kg of Oxone ® will be required per year for the Lunar Outpost. Instead, the RFLUSH concept eliminates the need for pretreatment resupply.
A typical primary processor may weigh on the order of several hundred pounds. In contrast, the RFLUSH concept uses lightweight components such as holding tanks filled with in situ lunar regolith. These holding tanks can be scavenged and modified from lunar lander wastewater holding tanks, adding limited additional launch mass. Remaining ancillary components such as piping and pumps will likely trade well against current Figure 1 : RFLUSH concept state of the art primary processors for both weight and energy cost.
The solar distillation and disinfection units may also use repurposed equipment, including lunar lander windows and structure to create passive stills that rely on solar energy and vapor buoyancy to separate water from contaminants.
There are several wastewater chemistry considerations that must be addressed. One, the urine wastewater stream may need to be separated prior to entering the fouling tanking stage in order to maintain appropriate pH and ion concentration levels to promote mineral precipitation. Two, the urea hydrolysis process will result in the production of free ammonia gas that must be removed. This gas will be buoyant in the tanks, and the plumbing can selectively transfer the liquid phase only, leaving the ammonia to be vented.
A more extensive trade study should be conducted to compare the energy cost, complexity, and reliability of current microgravity-compatible water recovery systems against the RFLUSH concept.
Biological water processors
The RFLUSH concept does not directly embrace the extensive biological water processor (BWP) previously developed by NASA and industry. The primary difference between the RFLUSH concept and the NASA heritage with BWPs is the complexity. The RFLUSH concept is envisioned to use simple and robust designs to encourage wastewater fouling and separation. In contrast, BWPs are designed to be microgravity compatible, and have required extensive monitoring and maintenance.
For example, during the Lunar-Mars Life Support Test Project, one BWP worked by inoculating the system with microorganisms that converted ammonium to nitrate and nitrate, which were easier to remove by other processors than ammonium. Another BWP's microbes would then use the nitrate and convert it to nitrogen gas 28 . While BWPs were successfully demonstrated during several integrated JSC tests, current NASA efforts are focused on physiochemical technologies.
Flocculation tank
The flocculation tank is intended to promote the biologically mediated degradation of urine, encouraging biofilm growth, mineral precipitation, and ammonia offgassing. Over several days of holding time, urea hydrolysis will result in biofilm and scaling growth which can be removed as sediment. Adding surface area to the interior of the tank may promote these effects and aid in sediment and sludge removal. This tank could significantly reduce the biofouling and precipitation potential in later stages.
Regolith filtration
The RFLUSH architecture hinges on the concept of promoting biologically mediated degradation of urine, rather than attempting to prevent it. In support of this argument, results from a recent urine fouling study by the primary author are drawn upon. In this study, titanium, aluminum and ultem coupons were exposed to both Oxone® pretreated and untreated urine streams for several weeks up to 180 days. The resultant fouling on the surfaces was analyzed by FTIR for biofilm presence or absence, ESEM for areal coverage and fouling identification, and VHX digital microscopy for fouling layer profiles. Representative results are presented in the following images. There was no significant difference observed between material types. Figure 2 is a coupon image after a 180 day stagnant test urine wastewater showing extensive calcium oxalate deposits. Figure 3 shows a well defined struvite crystal on a surface exposed to untreated urine. This image is taken at a magnification of 250x and shows the crystals to be approximately 100 μm long, whereas the calcium oxalate crystals are on the order of 10μm long. Figure 4 shows a representative image of crystals on top of a biofilm crust, identified as biofilm with FTIR analysis. The FTIR method used did not provide conclusive data on inorganic constituents or extent of biofilm growth, however the simple presence or absence of biofilm is significant in the analysis of wastewater fouling characteristics.
The height of the fouling features was determined by VHX three dimensional imaging, as shown in the following images. Representative images from this procedure are shown in Figure 5 and Figure 6 . Based on these approximate sizes, it is feasible to design a lunar regolith filter that will effectively remove wastewater precipitates and biofilms. A granular filter can have an effective media diameter up to approximately 25 times the diameter of the targeted contaminants 30 . The Orbitec simulant is based on the surface regolith dust, suggesting that filter media can be easily selected from the surface.
In general, this study suggested that extensive biologically mediated degradation of urine is promoted over several days and in the absence of pretreatment chemicals. Most major salts in urine are precipitated under these conditions, and can be removed by filtration.
A lunar regolith filter has distinct advantages over other filtration technologies, in that the in situ media is regenerable and/or easily replaceable. As a fouling layer forms on the surface, filtration effectiveness increases, however, the backpressure loss also increases. Once the fouling layer is reducing flow to unacceptable rates, the top layer of the filter can either be scraped off and disposed of (in whatever appropriate manner is used for other lunar outpost waste products), or the filter can be backwashed to clean the media. In either case, the filter is regenerable, rather than requiring replacement consumables. Solar distillation, a concept used extensively on Earth for water treatment in developing communities, may also be attractive for the lunar outpost. Inherent to distillation systems is the high energy cost, especially when approaching 100% water recovery. Solar distillation makes use of direct solar energy on large surface areas to distill water, thereby reducing the electrical energy cost to the Outpost. On the lunar outpost, this concept could also take advantage of low pressure and no atmosphere to gain efficiencies over Earth-based systems. One challenge associated with lunar distillation is the availability of complementary cooling energy to condense the water vapor. On Earth, natural convection provides the cooling mechanism, while on the moon radiation would likely be used instead 2 .
In addition to the water recovery element of solar distillation, this unit process will also be able to directly disinfect the filter effluent by heat and ultraviolet irradiation, known as solar disinfection (SODIS) 31 . This will deliver a sterilized product to the post processor.
Brine dewatering
One of the key design parameters when designing drying technologies is the resistance across the drying surfaces. These resistances can change as the drying processes proceeds and the solid product becomes concentrated.
In addition to substituting the RFLUSH concept for the urine pretreatment and water recovery stages, RFLUSH may also be appropriate for integration with a brine dewatering process. The limiting factor with brine dewatering is the precipitation of salts onto the evaporation surfaces. Utilizing RFLUSH as a particulate filter may increase the performance of a brine dewatering stage.
CONCEPT DEVELOPMENT
In order to support the development of the RFLUSH concept, on-going testing is being performed. This section provides an overview of the on-going, planned and proposed testing, while a complementary paper presents detailed results from a related lunar gravity analog development effort 32 .
The general concept development activities include:
 Lunar regolith simulant testing with urine and ersatz.  Development of a terrestrial analog for evaluating filtration characteristics under simulated reduced gravity conditions.  Trade studies evaluating performance, cost, mass, consumables, and maintenance between RFLUSH and baseline water recovery concepts.
Lunar regolith simulant A series of tests are proposed to evaluate the filtration performance of lunar regolith simulant and untreated urine. The tests will examine the effectiveness of the regolith filtering urine particulates and biofilm growth. Other wastewater streams may also be tested, including hygiene water and humidity condensate. Ersatzes may be tested to obtain consistency in results.
The lunar regolith simulant used in this study is the Orbital Technologies Corporation developed Lunar Mare Regolith Simulant. The JSC-1A simulant consists of crushed basalt of 1 mm particles and smaller. The simulant has a density of approximately 2.9 g/cm^3. The simulant has no serious toxicology issues, except that inhalation may cause irritation. The constituents of the simulant include about 50% silicon dioxide, followed by aluminum oxide, calcium oxide, magnesium oxide, iron oxide, ferric oxide and other constituents 33 .
The lunar simulant used in this study has been examined by the United States Geological Survey for reactivity with bio-fluids. It is hypothesized to be similar to the lunar regolith in terms of reactivity, however, some questions remain, including the impact of trapped solar wind hydrogen in the true regolith. Studies with other biofluids, including gastric fluid, serum and lysosomal fluids provide a range of pH that may be indicative of the reactivity of wastewater with the regolith 34 .
The USGS has offered to conduct studies of the reactivity of urine with the lunar simulant, examining the solubility of the simulant constituents in various urine types including fresh, aged, pretreated and untreated. It is anticipated that the pH variation in urine types will have a significant impact on the reactivity of the simulant, and by extension, the lunar regolith. Specifically, the more acidic the solution, the more likely the glass constituents will dissolve into the liquid phase. Additionally, the environmental conditions, such as oxygen concentration, may have impact on the urineregolith reactivity 34 .
Measuring the capillary contact angle of water on the regolith simulant was attempted in an effort to determine the wetting characteristics of the regolith. However, the regolith was so porous and wetting that contact angles were effectively zero, indicating high wetting potential.
Terrestrial analog
A terrestrial analog was developed in order to test the performance of the proposed regolith filter under simulated lunar gravity conditions. For this test, a glass bead media filter was evaluated on reduced gravity flights on NASA's C-9 aircraft while flying microgravity and lunar gravity parabolas. The parabolic flight results were then compared to the same filter placed in a 10-degree inclined, clinostat rotating environment. These results are presented in a complementary paper 32 .
This analog study examined fluidization and sedimentation characteristics of the filter media; a tracer of the filter liquid with simulated fouling particles in each gravity and geometry environment; and a preliminary evaluation of wastewater filtered through lunar regolith simulant. The similarities and differences between the analog and reduced gravity environment results provided insight into the design of a terrestrial analog for a lunar filter, an important first step in developing a sustainable lunar outpost water recovery system.
CONCLUSION
The RFLUSH concept presented in this paper potentially offers distinct advantages for lunar outpost water recovery. Since lunar outpost technologies can be shown to pose challenges that are more similar to terrestrial applications than to microgravity-compatible space systems, designers may be able to derive effective solutions from water treatment facilities found on Earth.
Before side-by-side comparisons of candidate concepts are possible, additional development work must be conducted, including modeling and analysis efforts, to define a recommended architecture for the complete lunar outpost water recovery system. When matured, the RFLUSH concept will likely trade well against currently planned technologies.
